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Duty Cycle vs. Output Voltage
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TWO-PHASE THREE-LEVEL CONVERTER
AND CONTROLLER THEREFOR

RELATED APPLICATIONS

This application claims the benefit of the filing date of
U.S. Application No. 62/321,027, filed on Apr. 11, 2016, and
of U.S. Application No. 62/473,464, filed on Mar. 19, 2017,
the contents of which are incorporated herein by reference in
their entirety.

FIELD

The mnvention relates to DC-DC converters. More par-
ticularly, the invention relates to multilevel buck converters,
and to controllers and methods for operating such convert-
ers.

BACKGROUND

Non-1solated DC-DC converters are widely used 1n mod-
ern electronic equipment. These converters are directly built
right next to the load, and are also referred to as point-oi-
load (POL) power supplies. With increasing demand to
mimaturize voltage regulators for computers and telecom-
munication products, high power density POL converter
topologies are highly desirable. The inductor in a conven-
tional buck converter occupies a large portion of the buck
converter’s space. It 1s dithicult to reduce the size and weight
of the inductor. For example, 1n current POL power modules,
inductors occupy most of the substrate space such that they
are the most significant barrier to increasing power density.

Increasing the switching frequency 1s a common and
simple way to reduce the inductance required for a POL
buck converter. A drawback of this approach 1s that the
power loss will be increased and the switches will overheat.
Also, increasing the switching frequency beyond tens of
MHz in a non-integrated POL buck converter 1s impractical
since a very small duty cycle 1s needed to provide very low
output voltage (usually 0.5-1.6V) for modern microproces-
sors. A very small duty cycle limits the maximum switching
frequency. The single phase three-level buck converter
shown 1n FIG. 1A 1s a potential candidate for replacing the
conventional buck converter 1n high power density POL
converters because the operating frequency can be doubled.
More capacitors need to be added to such a single phase
three-level buck converter to further increase the operating,
frequency (e.g., a four-level buck converter), but the extra
capacitors complicate the operation of the converter.

When high output current 1s needed, multi-phase convert-
ers may be used to improve the efliciency of the entire
system. For a conventional multi-phase buck converter such
as two-phase buck converter shown 1 FIG. 1B, the output
current 1s not evenly shared by each phase because of
component tolerance and various parasitic components on
the printed circuit board (PCB) tracks. Uneven output cur-
rent sharing will cause uneven thermal dissipation and will
decrease efliciency of the converter. Thus, auxiliary circuits
and components are needed to share the output current
evenly, which increases the cost of the converters and also
complicates their control.

In a POL application, most loads require very low output
voltage ranging from 0.5V to 3.3V, At the same time, higher
output voltages are also required, such as by USB ports
(5V), and for dynamic voltage scaling. However, the voltage
gain of the converters 1s small because of the duty cycle
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2

limitation. Accordingly, the maximum output voltage of the
converters 1s limited. This problem exists 1n most three-level
DC-DC converters.

SUMMARY

According to one aspect of the invention there 1s provided
a two-phase asymmetrical three-level buck converter, com-
prising: a first mput terminal connected to a first common
terminal of a first switch connected in parallel with a third
switch; a first node connected to a second common terminal
of the first and third switches, and to a first common terminal
of a second switch connected in parallel with a fourth
switch; a second common terminal of the second and fourth
switches connected to a second node and a first terminal of
a fifth switch; a first capacitor having a first terminal
connected to the first node and a second terminal connected
to a third node and a first terminal of a sixth switch; a first
inductor having a first terminal connected to the second node
and a second terminal connected to a main output terminal;
a second inductor having a first terminal connected to the
third node and a second terminal connected to the main
output terminal; a common node connected to a second 1nput
terminal, a second terminal of the sixth switch, a second
terminal of the fifth switch, and a second output terminal;
and a second capacitor connected between the main output
terminal and the second output terminal.

In one embodiment, the two-phase asymmetrical three-
level buck converter may comprise a DC power supply
connected across the first mput terminal and the second
input terminal.

In one embodiment, the two-phase asymmetrical three-
level buck converter may comprise a controller that provides
a driving signal for each of the first to sixth switches.

In one embodiment, the controller drives the first to sixth
switches so that: the first, second, third, and fourth switches
are driven with 90° phase difference from each other; the

fifth switch 1s driven complementarily to the second and
fourth switches; and the sixth switch 1s driven complemen-
tarily to the first and third switches.

In one embodiment, the controller drives the first to sixth
switches so that: the first, second, third, and fourth switches
are turned on and ofl once, sequentially, during one switch-
ing cycle, wherein a duty cycle of each of the first to fourth
switches 1s prolonged such that successive on times of the
first, second, third, and fourth switches overlap by a selected
interval; and the fifth switch and the sixth switch are each
turned on and off twice during a switching cycle; wherein
the fifth and sixth switches are ofl during the overlaps of the
on times of the first to fourth switches.

According to another aspect of the invention there 1is
provided a controller for a two-phase asymmetrical three-
level buck converter, comprising: an mput that receives a
signal corresponding to the converter output voltage or
current; a circuit that generates a duty cycle signal based on
the sensed output voltage or current; a dnving circuit that
generates gate drive signals for switches of the converter;
wherein the converter 1s a two-phase asymmetrical three-
level buck converter; wherein the controller drives the first
to sixth switches so that: the first, second, third, and fourth
switches are turned on and ofl once, sequentially, during one
switching cycle, wherein a duty cycle of each of the first to
tourth switches 1s prolonged such that successive on times of
the first, second, third, and fourth switches overlap by a
selected interval; and the fifth switch and the sixth switch are
cach turned on and off twice during a switching cycle;




US 10,498,236 B2

3

wherein the fifth and sixth switches are off during the
overlaps of the on times of the first to fourth switches.

In one embodiment, increasing the selected interval of the
overlap of the successive on times of the first to fourth
switches increases the output voltage of the two-phase
asymmetrical three-level buck converter.

According to another aspect of the invention there 1s
provided a controller for a series capacitor buck converter
comprising first and second control switches and first and
second synchronous rectifier (SR) switches, the controller
comprising: an input that receives a signal corresponding to
the converter output voltage or current; a circuit that gen-
erates a duty cycle signal based on the sensed output voltage
or current; a driving circuit that generates gate drive signals
for switches of the converter; wherein the controller drives
the switches so that: the first and second control switches are
turned on and off once, sequentially, during one switching,
cycle, wherein a duty cycle of each of the first and second
control switches 1s greater than 50% such that the on times
of the first and second control switches overlap by a selected
interval; and the first and second SR switches are each
turned on and off once, sequentially, during a switching,
cycle, wherein each of the on times of the first and second
SR switches coincides with an off time of one of the first and
second control switches; wherein the first and second SR

switches are ol during the overlaps of the on times of the
first and second control switches.

In one embodiment, increasing the duty cycle above 50%
increases the output voltage of the series capacitor buck
converter.

According to another aspect of the invention there 1s
provided a method for controlling a two-phase asymmetrical
three-level buck converter, comprising controlling the first
to sixth switches so that: the first, second, third, and fourth
switches are turned on and off once, sequentially, during one
switching cycle, wherein a duty cycle of each of the first to
tourth switches 1s prolonged such that successive on times of
the first, second, third, and fourth switches overlap by a
selected interval; and the fifth switch and the sixth switch are
cach turned on and off twice during a switching cycle;
wherein the fifth and sixth switches are off during the
overlaps of the on times of the first to fourth switches.

In one embodiment, increasing the selected interval of the
overlap of the successive on times of the first to fourth
switches increases an output voltage of the two-phase asym-
metrical three-level buck converter.

According to another aspect of the invention there 1s
provided a method for controlling a series capacitor buck
converter comprising first and second control switches and
first and second synchronous rectifier (SR) switches, com-
prising controlling the switches so that: the first and second
control switches are turned on and off once, sequentially,
during one switching cycle, wherein a duty cycle of each of
the first and second control switches 1s greater than 50%
such that the on times of the first and second control
switches overlap by a selected interval, and the first and
second SR switches are each turned on and oflf once,
sequentially, during a switching cycle, wherein each of the
on times of the first and second SR switches coincides with
an ofl time of one of the first and second control switches:
wherein the first and second SR switches are ofl during the
overlaps of the on times of the first and second control
switches.

In one embodiment, increasing the duty cycle above 50%
increases an output voltage of the series capacitor buck
converter.
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According to another aspect of the invention there 1is
provided a series capacitor buck converter comprising a
controller as described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the invention, and to show
more clearly how 1t may be carried into effect, embodiments
will be described, by way of example, with reference to the
accompanying drawings, wherein:

FIG. 1A 1s a circuit diagram of a single phase three-level
buck converter according to the prior art.

FIG. 1B 1s a circuit diagram of a two-phase buck con-
verter according to the prior art.

FIG. 2 1s a circuit diagram of a two-phase asymmetrical
three-level buck converter according to an embodiment of
the 1vention.

FIGS. 3-7 are circuit diagrams showing the first to fifth
operating modes, respectively, of the two-phase asymmetri-
cal three-level buck converter of FIG. 2, according to an
embodiment of the invention.

FIG. 8 1s a timing diagram for the operating modes shown
in FIGS. 3-7, for the two-phase asymmetrical three-level
buck converter of FIG. 2, according to an embodiment of the
ivention.

FIG. 9 1s a plot showing normalized output current ripple
coellicient against duty cycle for a conventional two-phase
buck converter and the buck converter of FIG. 2 when the
duty cycle 1s below 0.25, according to an embodiment of the
invention.

FIG. 10 1s a timing diagram for the two-phase asymmetri-
cal three-level buck converter of FIG. 2 operating under an
input voltage boost control method, according to an embodi-
ment of the mvention.

FIGS. 11-18 are circuit diagrams showing working modes
1-8, respectively, of a two-phase asymmetrical three-level
buck converter operating under the mput voltage boost
control method, according to an embodiment of the inven-
tion.

FIG. 19 1s a circuit diagram of a series capacitor buck
converter according to the prior art.

FIG. 20 1s a timing diagram for the series capacitor buck
converter of FIG. 19 operating under an mput voltage boost
control method, according to an embodiment of the inven-
tion.

FIG. 21 1s a circuit diagram showing working modes 1
and 3 for the series capacitor buck converter of FIG. 19
operating under an input voltage boost control method,
according to an embodiment of the invention.

FIGS. 22 and 23 are circuit diagrams showing working
modes 2 and 4, respectively, for the series capacitor buck
converter of FIG. 19 operating under an input voltage boost
control method, according to an embodiment of the 1inven-
tion.

FIGS. 24A and 24B are plots showing results of a
simulation of a series capacitor buck converter operating
according to the timing diagram of FIG. 20.

FIGS. 25A and 25B are plots showing results of a further
simulation of a series capacitor buck converter operating
according to the timing diagram of FIG. 20.

FIG. 26 1s a plot showing a relationship between duty
cycle and output voltage for a series capacitor buck con-
verter operating according to the timing diagram of FIG. 20.

FIG. 27 1s a circuit diagram showing an implementation
ol a controller for a series capacitor buck converter, accord-
ing to one embodiment.
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FIG. 28 1s a diagram showing gate logic elements for the
controller of FIG. 27, according to one embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

Throughout the drawings and the description, i1dentical
components have been given the same reference numerals.

Throughout the description and claims, the terms “first”,
“second”, etc. are used to differentiate features or elements
and not to indicate any particular relationship or sequence
among them.

For the purpose of this description, the term “RMS
current” as used herein 1s intended to refer to root mean
square current, V. refers to DC power supply voltage, V-,
refers to the first capacitor voltage, V,, refers to the voltage
across the first inductor, V, , refers to the voltage across the
second inductor, V _ refers to the output voltage, and R refers
to load.

For the purpose of this description, the term “switch” 1s
intended to refer to a semiconductor switch characterized by
controllable conduction. The term “MOSFET” 1s used as a
non-limiting example of all such semiconductor switches.
An N-channel MOSFET 1s an example of such a switch,
wherein the first terminal 1s the drain, the second terminal 1s
the source, and the control terminal 1s the gate. The control
terminal of each semiconductor switch may be provided
with 1ts own control signal. It will be understood that other
suitable devices, such as, for example, IGBT may be used
for the semiconductor switches in the embodiments of the
invention. In accordance with embodiments described
herein, current in each switch may flow 1n both directions.
This may be ensured or enabled by, for example, each switch
being reversely connected in parallel with a diode. In
accordance with embodiments described herein, such a
switch may be, for example, an IGBT with a parallel diode,
or a MOSFET where the parallel diode 1s inherent (1.e., the
body diode).

One aspect of the invention relates to a two-phase asym-
metrical three-level buck converter and control methods
therefor. FIG. 2 shows a circuit diagram of a two-phase
asymmetrical three-level buck converter according to one
embodiment. Referring to FIG. 2, the circuit has two 1nput
terminals, two output terminals, six switches (T1, T2, T3,
T4, TS and T6), a first capacitor C1, a first inductor L1, a
second 1nductor L2 and a second capacitor C2, and four
nodes CN, N1, N2, N3, wherein CN 1s the common node
(which may also be referred to as ground). One 1input
terminal and one output terminal are connected together at
the common node. The other output terminal 1s also referred
to as the main output terminal MT. The load 1s shown as a
resistor R connected across the main output terminal and the
common node.

As shown 1n FIG. 2, the first switch T1 1s connected in
parallel with the third switch T3, and the second switch T2
1s connected i parallel with the fourth switch T4. The
common {irst terminal of the first and the third switches 1s
connected to the first input terminal, and the common second
terminal of the first and the third switches 1s the first node
N1, which 1s connected to the common first terminal of the
second and the fourth switches. The common second termi-
nal of the second and the fourth switches 1s the second node
N2, which 1s connected to the first terminal of the fifth
switch TS and the first terminal of the first inductor L1. The
positive terminal of the first capacitor C1 1s connected to the
first node N1, and the negative terminal 1s connected to the
third node N3 and the first terminal of the sixth switch T6.
The positive side of a DC power supply 1s connected to the
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first 1nput terminal, and the negative side of the DC power
supply 1s connected to the second mput terminal. The first
inductor L1 1s connected between the second node N2 and
the main output terminal MT. The second inductor L2 1s
connected between the third node N3 and the main output
terminal MT. The second capacitor C2 1s connected across
the main output terminal MT and the common node CN. The
second mput terminal, the second terminals of the sixth
switch T6 and the fifth switch TS, and the second terminal
of the second capacitor C2, are all connected together with
the second output terminal, which all together are referred to
as the common node CN.

Each of inductors L1 and L2, together with the second
capacitor C2, forms an LC filter.

In some embodiments, the two LC filters may be omitted.
When the two LC filters are omitted, the output will be two
pulse voltages.

In some embodiments, the second capacitor C2 may be
omitted. When the second capacitor C2 1s omitted, the
output will be constant current.

In this description, the term “switch group A” refers to the
first switch T1 and the second switch T2, and the term
“switch group B” refers to the third switch T3 and the fourth
switch T4.

Another aspect of the mvention relates to a method or
operating the embodiment of FIG. 2. An example of a
control method 1s shown 1n FIGS. 3-7, 1n which the opera-
tion of the circuit 1s presented as five working modes. The
timing diagram 1s shown 1n FIG. 8. This operating method
1s referred to herein as the “normal” operating method, or
“normal” operation. Another operating method of the
embodiment of FIG. 2 1s described 1n Example 1, below.

Normal operation 1s described below with the following
exemplary values: total voltage of DC power supply V, 1s
equal to 12 volts, the voltage V-, 1s half ol V(6 volts), the
output voltage equals 2.5 volts and the switching frequency
for each of the switches T1, T2, T3, and T4 1s 300 KHz. In
FIGS. 3-7, portions of the circuit shown with solid lines are
working during that mode, and portions shown with dotted
lines are ofl during that mode.

The voltage V ~, equals half of V 1n this embodiment,
which 1s a non-limiting example. That1s, V -, and V,, are not
limited to a particular relationship. Rather, the voltage V-,
may be chosen to be any value between zero and V.

The potential on the common node CN 1s defined as
ground potential. The current or voltage between the second
node and the main output terminal forms a first phase output,

and that between the third node and the main output terminal
forms a second phase output. The term “V_ ,” refers to the

swl
voltage supplied to the first inductor (between the second
node N2 and the common node CN), and *V __ ,” refers to the
voltage supplied to the second inductor (between the third
node N3 and the common node CN).

For the first working mode shown 1in FIG. 3, the current
in L2 flows as follows: DC—=T1T1—-=C1—=L2—=R—=DC. The

first capacitor C1 1s charged by the DC power supply. The
voltage V_ _, equals the DC power supply voltage V., minus
the first capacitor voltage V,.,. That 1s, V_ .=V, —

S22

V.,=0.5V_ . At the same time, there 1s a freewheeling loop
tor the first inductor L1. It 1s TS—=L1—=R—1T3. The voltage
V.., equals zero. That 1s, V__,=0.

swl

For the second working mode shown in FIG. 4, the
inductor L1 works 1n freewheeling mode through the fol-
lowing loop: TS—=L1—=R—=T3. The voltage V_ , equals

zero. That 1s, V_,,=0. The inductor .2 also works in

sl
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freewheeling mode through the {following loop:
T6—L2—=R—=T6. The voltage V_ , equals zero. That is,
V..-=0.

SW2

For the third working mode shown 1n FIG. §, the current
in L1 tflows as follows: C1-T2—=L1—-=R—=T6—C1. The

first capacitor C1 1s discharged. The voltage V__ , equals the

swl

first capacitor voltage V~,. That 1s, V_ =V ~,=0.5V_ . The

swul

inductor L2 works 1n freewheeling mode through the fol-
lowing loop: T6—L2—=R—=T6. The voltage V_ ., equals
zero. That 1s, V_ ,=0.

5

For the fourth working mode shown in FIG. 6, the
inductor L1 works 1n freewheeling mode through the loop as
tollows: T5—=L1—=R—=T5. The voltage V_ , equals zero.
That 1s, V_ ,=0. The current in L2 flows as follows:

swl

DC—=T3—=C1—=L2—=R—=DC. The first capacitor C1 1s
charged by the DC power supply. The voltage V_ , equals

Sw2

the DC power supply voltage V., minus the first capacitor
voltage V,. That 1s, V_ .=V, -V ,=0.5V_ .

S22

For the fifth working mode shown 1n FIG. 7, the current
in L1 tflows as follows: C1-T4—=1L1—-=R—=T6—C1. The

first capacitor C1 1s discharged. The voltage V__ , equals the
first capacitor voltage V .,. That 1s, V_ .=V _.,=0.5V_ . The
inductor L2 works 1n freewheeling mode through the fol-

lowing loop: T6—L2—=R—=T6. The voltage V_ ., equals
zero. That 1s, V_ ,=0.

Sw2

According to this embodiment, the two-phase asymmetri-
cal three-level buck converter works alternately among the
five above-mentioned working modes by controlling the on
and off states of each switch to output the selected voltage.

FIG. 8 shows the timing diagram for the switches 1n this
embodiment during one switching period Ts. The four
switches T1, T2, T3, and T4 are drniven with 90° phase
difference from each other. The switch 15 1s driven comple-
mentarily to the switches 12 and T4, and the switch 16 1s
driven complementarily to the switches T1 and T3.

As shown i FIG. 8, switches 1 switch group A and
switch group B are interleaved. During the first half period
(from O to 0.5Ts), the switches T1 and T2 in switch group A
are on 1n turn and the switches T3 and T4 1n switch group
B are ofl. During the second half period (from 0.5Ts to Ts),
the switches T3 and T4 in switch group B are on 1n turn and
the switches T1 and T2 1n switch group A are ofl.

It 1s noted that 1n one period Ts, the switches 1n either
switch group A or switch group B turn on only once but the
operating {requency of the voltage V_ , and V_ , 1s twice.
This means that each inductor L1, L2 operates at, e.g., 2
MHz when the four switches T1, T2, T3, and T4 operate at
1 MHz. To achieve the same operating Ifrequency, the
conventional single phase three-level buck converter 1n FIG.
1A and the conventional two-phase buck converter 1n FIG.
1B must have double the switching frequency and each
switch must turn on twice. Thus, the root mean square
current 1n each of the four switches 1s reduced by half
compared to the conventional three-level buck and two-
phase buck converters. Accordingly, the conduction power
loss 1n each switch 1s reduced.

Since the mput voltage to the mductor of each phase 1s
reduced and the operating frequency 1s twice the switching
frequency, the inductance of a two-phase asymmetrical
three-level buck converter as described herein i1s much
smaller than that of the conventional two-phase buck con-
verter.

In this description, the term D ., 1s intended to refer to the
duty cycle. It 1s defined as the percentage of on time of a
switch 1n one switching period T_. That1s, T_ /T _, where T_,
refers to the conduction time. The voltage conversion ratio
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1s defined as V_/V_ . Using of the principle of inductor
volt-second balance 1n Equation (1), the output voltage V_
may be derived.

1 Ts (1)
() = — f v (0t = 0
T, 0

Apply Equation (1) to the inductors L1 and L2 to get
Equation (2).

1 1 Ts (2)
V1) = ?f v (0dr =0

5 ()

1 Ts
TSL vi-(Ddr =0

Vp2) = =

Applying small-ripple approximation to Equation (2),
Equation (3) 1s derived.

{ V1) =2 - Dapp (Ve = Vo) + (1 =2-Dypp J(=V,) =0 (3)

Wp2) =2-Darp(Vi, = Ve = Vo) + (1 = 2-Dap )(=V,) =0

Simplify Equation (3) and solve the equation, leads to
Equation (4), where the ratio of V_ to V_ 1s the voltage
conversion ratio.

Vo=V Dy (4)

As shown 1n FIG. 8, the switches T1 and T2 or T3 and T4
do not overlap during normal operation. So the maximum
duty cycle 1s 0.25. For 12V 1nput, the maximum output
voltage 1s 3V,

As the output current of the two-phase asymmetrical
three-level buck converter i1s derived by summing two
phases of inductor current, the output current ripple 1n each
phase 1s at least partially cancelled out, such that the
inductor current ripple 1s reduced. Accordingly, the LC filter
requirement 1s reduced.

The normalized output current ripple of the conventional
two-phase buck converter in FIG. 1B may be expressed as
Equation (5), where K 1s the ripple cancellation coeflicient,
D 1s duty cycle and 1t 1s defined as the magnitude ratio of the

output current ripple Ai, to inductor current ripple Ai,;
m=tloor(2-D).

(5)

a, 27(D- 9(”1;1

~ Al D-(1 - D)

_D]

K

For the two-phase asymmetrical three-level buck con-
verter, the operating frequency of each inductor 1s twice the
switching frequency. Thus, the duty cycle of the inductor
current 1s twice that of the switches. Equation (6) gives the
normalized output current ripple, where m=tloor(4-D ;).

(6)

my (m+1
Al 2'(2DATL_§)'( 5 _QDATL]

Karp, = — =
A Aly Darr, - (1 = Dyr)

It can be seen from Equation (5) and Equation (6) that the
amount of current ripple cancellation only depends on the
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duty cycle. FIG. 9 shows the normalized output current
ripple coeflicient against duty cycle for the conventional
two-phase buck converter and a converter as described
herein when the duty cycle 1s below 0.25 (1.e., output voltage
1s below 3V). It 1s noted that POL converters usually have

very low duty cycle due to the low output voltage require-
ment.

FIG. 9 shows that a converter as described herein has
lower output current ripple coethicient than the conventional
two-phase buck converter. Therefore, the second capacitor
C2 may be implemented with smaller capacitance.

It can be seen from the above five working modes that
there are three operating states of the first capacitor C1 in
one switching period. They are discharging, charging, and
floating. During the steady-state, the first capacitor voltage
V ~, 1s fixed. Thus, the first capacitor charge balance equa-
tion and small-ripple approximation may be derived by
Equation (7), where I, and I, , are DC values of 1,, and 1,,;
D haree a0d D i .. TEpresent respectively the duty cycles
of the first capacitor charging and discharging.

< Il.:': > :Dcharge. Ts .ILI _Ddfschar;ge. .Ts .ILEZO (7)

Equation (7) 1s simplified to (8) according to the first

capacitor charge balance, D =D

charge discharge®

(8)

It can be seen that I,, 1s always equal to I,,. Thus, a
two-phase asymmetrical three-level buck converter as
described herein has an inherent automatic inductor current
sharing mechanism. No extra current sensing circuits and
controllers are needed.

When the output current 1s reduced below the critical
current level (e.g., Io=2 A), the two-phase asymmetrical
three-level buck converter 1s operating in discontinuous
conduction mode. It 1s observed that I,, only flows 1n one
direction, but I,, 1s able to flow in both directions. The
reason 1s that after 1,, falls to zero, i1t can continue to flow
in the reverse direction and flow to the negative terminal of
the first capacitor. But I,, 1s not able to continue to flow 1n
the reversed direction. Therefore, the DC current and current
ripple of each inductor are not equal.

The automatic current sharing mechamsm weakens in
discontinuous conduction mode and may become worse
when taking into consideration component parameter vari-
ance. In order to improve the performance of the automatic
inductor current sharing mechanism in discontinuous con-
duction mode, a control method according to another
embodiment, referred to as the negative circulating control
method 1s described.

According to the negative circulating control method, the
two switches TS and Té are kept on when the currents in
both inductors are going through zero, to keep them decreas-
ing to negative during the rest of the freewheeling time. The
switch TS 1s driven complementarily to the switches T2 and
T4, and the switch T6 1s dniven complementarily to the
switches T1 and T3, as shown in FIG. 8. The inductor
currents of the two phases are of the same DC value, so even
inductor-current sharing 1s achieved. In this way, not only
the performance of automatic inductor-current sharing func-
tion remains as 1t does 1n continuous conduction mode, but
also no additional modification of the circuit or controller 1s
needed.

Another aspect of the invention relates to a controller that
operates a two-phase asymmetrical three-level buck con-
verter according to the methods described herein. The con-
troller may be implemented 1n any combination of discrete

D char;ge.IL 1 =D discharge. .ILE
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and integrated components, digitally or analogue, or 1n a
platform such as a field programmable gate array (FPGA),

as known 1n the art.
Input Voltage Boost Control

The voltage gain (V_/V, ) of three-level DC-DC convert-
ers, such as the example described above, 1s small because
of the duty cycle limitation. Accordingly, the maximum
output voltage of such a converter 1s limited. To address this
1ssue, a control method referred to herein as “input voltage
boost control” (IVBC) will now be described. As shown
below, IVBC may be applied to three-level DC-DC con-
verters to increase the output voltage level. Two embodi-
ments of the IVBC operating method are described. In the
first embodiment, described 1n Example 1, the IVBC method
1s 1mplemented 1n a two-phase asymmetrical three-level
buck converter as shown in FIG. 2. In the second embodi-
ment, described 1 Example 2, the IVBC method 1s imple-
mented 1 a two-phase three-level buck converter (also
referred to as a series capacitor buck converter) as shown in

FIG. 19.

Example 1

FIG. 10 shows the timing operation wavetorms for each
switch of a two-phase asymmetrical three-level buck con-
verter, shown 1n FIG. 2, under the IVBC method. The
driving signal for each of the four switches T1, 12, T3, and
T4 has 90° phase difference from each other 1n the normal
operation mode described above. However, under the IVBC
method, each driving signal of the four switches 11, T2, T3,
and T4 1s prolonged to generate overlaps of the edges of the

timing signals, for example, T1 overlaps with T2 and T4, T2

overlaps with T1 and T3, T3 overlaps with T2 and T4, and
T4 overlaps with T3 and T1, as shown 1n FIG. 10. The
overlap regions are marked as S1, 83, S5, and 587 1n FIG. 10.
The working states 1n these regions are referred to as boost
states since the current of inductor L1 1s boosted during that
time. In boost states, two series-connected switches are on at
the same time. The input voltage V_ , to the inductor L, 1s
V. Instead of V -, for a short time. That 1s, the input voltage
V_ ., to the inductor L1 1s increased so that the output
voltage level 1s increased.

Under the IVBC method, there are eight working states 1n

one switching period. Each working state 1s explained as
tollows with reference to FIGS. 11-18:

State 1 (t,-t,) in FIG. 11: The switches T1 and T4 are on.
The current 1n L1 flows as follows:
DC—T1—=T4—L1—=R—=DC. The voltage V__, equals the
DC power supply voltage V. . That 1s, V_  =V_ . At the
same time, the current as follows:

in L2 flows
DC—T1—-=(C1—=L2—=R—=DC. The first capacitor C1 1s
charged by the DC power supply. The voltage V_ , equals
the DC power supply voltage V,, minus the first capacitor
voltage V,. That 1s, V_ .=V -V _..=0.5V_ . Both [L1 and
[.2 are charged.

State 2 (t,-t,) in FIG. 12: The switches 11 and TS are on.
The inductor L1 works 1n freewheeling mode through the
loop as follows: T5—=L1—=R—=T5. The positive terminal of
inductor L1 1s grounded through TS. The voltage V_ ,
equals zero. That 1s, V

,1=0. At the same time, the current
in L2 flows as follows: DC—=T1—=C1—=L2—=R—=DC. The
first capacitor C1 1s charged by the DC power supply. The
voltage V__ , equals the DC power supply voltage V., minus
the first capacitor voltage V.,. That 1s, V_ .=V, —

sw2
V~=0.5V._ . L2 is charged.
State 3 (t,-t;) in FIG. 13: The switches T1 and 12 are on.

The current n [.1 flows as follows:
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DC—T1—=12—=L1—=R—=DC. The voltage V_, , equals the
DC power supply voltage V. . That 1s, V_ =V, . At the
same time, the current as follows:

in L2 flows
DC—T1—=C1—=L2—=R—=DC. The first capacitor C1 1s
charged by the DC power supply. The voltage V__, equals

sW 2

the DC power supply voltage V. minus the first capacitor
voltage V~,. That 1s, V_ .=V -V ,=0.5V_. . Both L1 and
[.2 are charged.

State 4 (t,-1,) 1n FIG. 14: The switches T2 and 16 are on.
The current 1n L1 flows as follows:
C1—=T12—=L1—-=R—=T6—=C1. The first capacitor C1 1s dis-
charged. The voltage V_ , equals the first capacitor voltage
V ;. That 1s, V__,=V _,. At the same time, the inductor L2
works 1n freewheeling mode through the loop as follows:
T6—=0L2—=R—=T6. The positive terminal of Inductor L2 1s
grounded through T6. The voltage V_ , equals zero. That 1s,

V_ ,=0. L1 1s charged and L2 freewheels.

SW2

State S (t,-1.) 1n FIG. 15: The switches T2 and T3 are on.
The current n L1 flows as follows:
DC—-T3—=12—=L1—=R—=DC. The voltage V_ , equals the
DC power supply voltage V. . That 1s, V_ =V . At the
same time, the current as follows:

in L2 flows
DC—T3—=C1—=L2—=R—=DC. The first capacitor C1 1s

charged by the DC power supply. The voltage V_ , equals

Sw2

the DC power supply voltage V. minus the first capacitor
voltage V,. That 1s, V_ =V -V .,=0.5V_ . Both L1 and
[.2 are charged.

State 6 (t.-t;) in FIG. 16: The switches T3 and T3 are on.
The inductor L1 works in freewheeling mode through the
loop as follows: T5—=L1—=R—=T5. The positive terminal of
inductor L1 1s grounded through TS. The voltage V

swl
equals zero. That 1s, V_ ,=0. At the same time, the current

in L2 flows as follows: DC—T3—=C1—=L2—=R—=DC. The
first capacitor C1 1s charged by the DC power supply. The
voltage V_ , equals the DC power supply voltage V., minus

the first capacitor voltage V,.,. That 1s, V_ .=V, —
V~=0.5V_ . L2 is charged.

State 7 (ts-t5) 1n FIG. 17: The switches T3 and 14 are on.
The current n L1 flows as follows:
DC—=T3—=T1T4—=L1—=R—=DC. The voltage V_, , equals the
DC power supply voltage V., . That 1s to say, V_ =V . At

swl

the same time, the current in L2 flows as follows:
DC—=T3—=C1+L2—=R—=DC. The first capacitor C1 1s
charged by the DC power supply. The voltage V_, equals
the DC power supply voltage V. minus the first capacitor
voltage V. That 1s, V_ .=V -V _.,=0.5V_ . Both L1 and
[.2 are charged.

State 8 (t,-T) 1n FIG. 18: The switches T4 and T6 are on.
The current 1n L1 flows as follows:
C1—=T4—=L1—-=R—=T6—=C1. The first capacitor C1 1s dis-
charged. The voltage V_ , equals the first capacitor voltage
V ;. That 1s, V_ =V _,. At the same time, the inductor L2
works 1n freewheeling mode through the loop as follows:
T6—=L2—=R—=T6. The positive terminal of inductor L2 1s
grounded through T6. The voltage V_ , equals zero. That 1s,

V..»,=0. L1 1s charged and L2 freewheels.

S 2

The duty cycle 1s expressed as 1n the above Equation (4)
during normal operation and D ,, 1s not greater than 0.25.
Under the IVBC method, the duty cycle will be diflerent
from the normal operating method described above.

During State 4 and State 8, the inductor voltage V,, 1s
V -V _. It can be seen from FIG. 10 that the total duty cycle
of State 4 and State 8 1s 0.5-2D,, during operation under
IVBC. D, 1s the duty cycle of one boost state.

During boost states 1, 3, 5, and 7, V,, 1s (V, -V _). The
total duty cycle of these boost states 1s 4D, ..
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During freewheeling states 2 and 6, V., 1s (=V_). The total
duty cycle of these states 1s 0.5-2D, ..

Next, using of the principle of inductor volt-second bal-
ance on inductor L1 derives Equation (9).

(v, ) =(0.5-2D, ) (V.= ¥ )+4D, -(V, =V ) +(1-0.5+

2:-Dp~4-Dy,) (=¥, )=0 9)

By simplifying the Equation (9), D, , 1s obtained in Equa-
tion (10).

2V, -V,
- 8V. —4V.

(10)

Dbr

Retferring to FIG. 10, the new duty cycle in extended
output voltage mode 1s 0.25+D, . Therefore, the duty cycle
can be expressed i Equation (11).

ar v, 1 (11)
W WhEﬁﬂ 0 = V_m = z
DHTL = QVD - Vﬂ O 1
h SVI — 41”(; + 025 WhEﬁﬂ V_m = Z

When V _/V_ 1s less than or equal to 0.235, the two-phase
asymmetrical three-level buck converter works according to
the normal operation described above. When V_/V._  1s
greater than 0.25, the IVBC method provides output higher
voltage.

As the output current splits, each phase carries half of the
output current. The two-phase asymmetrical three-level
buck converter according to the embodiments described
herein 1s particularly useful for high output current applica-
tions.

Controller Implementation

An IVBC controller may be implemented using voltage-
mode control, current-mode control, hysteresis control, etc.
Controller components may include an error amplifier that
receives an mput based on sensed converter output voltage
or current, an error amplifier that produces an output error
signal, a PWM circuit that receives the error signal and
generates a duty cycle signal, and a gate drive logic circuit
that produces gate drive signals based on the duty cycle
signal. Of course, other configurations may also be used.
The controller may be implemented 1n any combination of
discrete and integrated components, digitally or analogue, or

in a platform such as a field programmable gate array
(FPGA), as known 1n the art.

Example 2

In this example another embodiment of the IVBC oper-
ating method 1s described, wherein the method 1s 1mple-
mented 1n a two-phase three-level buck converter (also
referred to as a series capacitor buck converter) as shown in
FIG. 19.

As shown 1n FIG. 19, the series capacitor buck converter
consists of four switches M1, M2, SR1, and SR2. M1 and
M2 are control switches and SR1 and SR2 are synchronous
rectifier switches (or SR switches). The drain of the first
switch M1 1s connected to the positive terminal of the input
voltage, V. . The source of the first switch 1s connected to
both the positive terminal of the flying capacitor C, and the
drain of the second switch M2. The source of M2 1is
connected to the drain of the third switch SR2 and a first
terminal of the first inductor LL1. The source of the third
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switch SR2 1s connected to a circuit common, or ground.
The drain of the fourth switch SR1 1s connected to a first
terminal of the second inductor L2 and the negative terminal
of the flying capacitor C. The source of SR1 1s connected to
ground. Both of the second terminals of L1 and L2 are
connected to the positive terminal of an output capacitor C_.
The negative terminal of the output capacitor 1s connected to
ground. The load (RL) 1s connected between the positive
terminal of the output capacitor C_ and ground.

Under the conventional control strategy, the maximum
duty cycle of a series capacitor buck converter 1s limited
below 0.50 and the maximum output voltage 1s 25% of the
input voltage. For example, the maximum output 1s 3V for
a 12V mput. In practice, when considering the power losses
and the dead time, the maximum output voltage will be
below 3V for a 12V mput.

However, as described herein, the IVBC method may be
used to achieve higher voltage gain for a series capacitor
buck converter. For example, with the IVBC method, a
series capacitor buck converter can produce commonly used
voltage levels, such as 3.3V and 5V, using a 12V put
voltage. A key feature of the IVBC method 1s to introduce
another voltage level at the input of the mductor L1 (1.e.,
node B1 as shown 1n FIG. 19, Vswl1). The new voltage level
1s equal to Vin. In other words, three voltage levels are
present at Vswl: 0, 0.5Vin, and Vin.

Operation

The operating sequence of switches and typical wave-
forms under the IVBC method are shown 1n FIG. 20. It 1s
assumed that the dead time 1s zero. Four operating states are
identified during each switching period: State 1 (from t0 to
t1), State 2 (from t1 to t2), State 3 (from t2 to t3), and State
4 (from t3 to Ts). The circuit operation 1s described below
with reference to FIGS. 21-23, wherein dashed lines repre-
sent portions of the circuit that are not operating (1.e., the
devices are ofl) during each state.

State 1 (from t0 to t1): The equivalent circuit 1s shown 1n
FIG. 21. M1 1s turned on at t0 and M2 i1s on. Therefore, M1
and M2 are on for this state. The first current path 1s V__ to
M1—-=M2—-L1—=Co and RL. The DC value of the inductor
L1 current (i,,) 1s more than half of the load current, which
1s different from the conventional control strategy for the
series capacitor buck converter when only M1 or M2 1s
turned  on. The second  current  path  1s
V,,—=M1—=C—~L2—=C_ and RL. The DC value of the induc-
tor L2 current (1;,) 1s less than half of the load current, which
1s also different from the conventional control strategy. The
steady state currents for inductors L1 and L2 are given in
Equations (17) and (18), below. The flying capacitor C,1s
charged by 1,,. During this period, the voltage at B1 1s
V1=V, The voltage at B2 1s V.=V, -V _. The value of

V_- may be calculated by Equation (12). The inductor L1
voltage 1s Vin—-Vo and the inductor L2 voltage 15 V, —V

V_. Equation (13) gives the output voltage value.
( Vin (12)
R when 0 < D < 0.5

Vﬂf =
Vin - 5“ when 0.5 <D =1
DV, (13)

when 0 < D < 0.5
V, = 2

DV, - Vy) when0J5 <D <]

State 2 (from t1 to t2): The equivalent circuit 1s shown 1n
FIG. 22. M2 1s turned off at t=t1. SR2 1s turned on imme-
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diately after M2 1s turned ofl. M1 remains on. In this
operation state, one control switch (M1) and one SR (SR2)
are on. The first current path 1s: Vin—=M1—=Ci—=L2—Co
and RL. The amplitude of the current 1s the current of
inductor L2 (1, ,), which 1s less than half of the load current.
The tlying capacitor C,1s charged by 1, ,. The second current
path 1s: SR2—=[L1—=Co and RL. The amplitude of the current
1s the current of inductor L1 (i, ,), which 1s more than half
of the load current. During this period, the voltage at B1 1s

V1=0. The voltage at B21s V.=V, -V _. The inductor L1

sl SW2

voltage 1s —Vo and the inductor L2 Voltage 1s Vin—Vci-Vo.

State 3 (from t2 to t3): The equivalent circuit 1s shown 1n
FIG. 21. In this state, t2 1s half the switching period Ts,
t2=0.5Ts. At t=t2, SR2 1s turned oflf and M2 1s turned on
immediately after SR2 1s turned off. M1 1s still on. In this
operation state, both control switches (M1 and M2) are on.
The first current path 1s Vin—=M1—-=M2—=1L1—=Co and RL.
The amplitude of the current 1s the current of inductor L1
(1,,), which 1s more than half of the load current and this 1s
different from the conventional control. The second current
path 1s Vin—=M1—=Ci{—=L2—=Co and RL. The amplitude of
the current 1s the current of inductor L2 (1,,), which 1s less
than half of the load current. The flying capacitor C, 1s
charged by 1,,. The DC value of the inductor currents may
be determined using Equations (17) and (18). During this
period, the voltage at B1 1s V_ ,=V_. . The voltage at B2 1s
Vo=V, —V e The inductor L1 Voltage 1s Vin—-Vo and the
inductor L2 voltage 1s Vin—-Vci-Vo.

State 4 (from t3 to Ts): The equivalent circuit 1s shown in
FIG. 23. M1 1s turned off at t=t3. SR1 1s turned on imme-
diately after M1 1s turned ofl. M2 remains on. In this
operation state, one control switch (M2) and one SR (SR1)
are on. The first current path is: SR1-C—~M2—L1—-Co
and RL. The amplitude of the current 1s the current of
inductor L1 (1, ,), which 1s more than half of the load current.
The flying capacitor C, 1s discharged by 1,,. The second
current path 1s: SR1—=L2—=Co and RL. The amplitude of the
current 1s the current of inductor L2 (1,,), which 1s less than

half of the load current. During this period, the voltage at B1
1s V

sw1—Yp The voltage at B2 1s V ,=0. The inductor L1

SwW2

voltage 1s -V _.and the inductor L2 Voltage 1s —Vo.

State 4 finishes at t=T1s when SR1 1s turned 0ff and M1 1s
turned on 1mmedlately after SR1 1s turned off. The cycle
repeats the operation in the next switching perlod
Simulation Results

Two simulations were conducted using PSIM (Powersim
Inc., Rockville, USA). The following circuit parameters
were used switching frequency 2 MHz, L1 and .2 220 nH,
Co 600 pF, and Cf 10 uF.

FIG. 24 A shows the gate drive signals for four switches
(M1, M2, SR1, and SR2), and FIG. 24B shows the simula-
tion results for 12V mput voltage and 3.3V output voltage.
The duty cycle 1s about 52.6% (i.e., larger than 50%). The
output voltage 1s about 3.3V, as shown 1n the last plot of FIG.
24B.

FIG. 24B shows the wavelorms at key points. It 1s clearly
shown that Vsw1 has three voltage levels, OV, about 6V (1.e.,
about half of the mput voltage) and about 12V (1.e., the input
voltage). The voltage Vsw2 has only two voltage levels,
about OV and about 6V. Thus, under the IVBC strategy,
Vswl and Vsw2 have diferent wavetforms, which 1s difler-
ent from the conventional control strategy where the voltage
wavelorms for Vswl and Vsw2 are the same, and are merely
180 degrees out of phase.

FIGS. 25A and 25B show simulation results for 12V input
voltage and 5V output voltage. FIG. 25A shows the gate
drive signals for four switches (M1, M2, SR1, and SR2). The
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duty cycle 1s about 64.5% (1.e., larger than 50%). FIG. 25B
shows the wavelorms at key points. It 1s clearly shown that
Vswl has three voltage levels, 0V, about 6V (half of the
input voltage) and about 12V (the input voltage). The output
voltage 1s about 5V, as shown 1n the last plot of FIG. 25B.
Summary of the IVBC Strategy

In the conventional PWM control method of the series
capacitor buck converter, the input voltages to L1 are 0 and
V¢ (which 1s equal to half of Vin). In contrast, as shown in
the operating principle above, the control scheme of IVBC
changes the 1mput voltage of one of the inductors (LL1) to 0
V¢, and Vin. The new input voltage level of Vin enables the
converter to 1ncrease the output voltage level. Within one
switching period, during two states (State 1 and State 3), the
input voltage to L1 (Vsw1) 1s Vin. State 1 and State 3 may
therefore be referred to as boost states 1n the IVBC strategy.
The duration of a boost state 1s D—-0.35. It 1s noted that a boost
state occurs when the duty cycle i1s higher than 50%, or
equivalently, the output voltage 1s higher than about Vin/4.

The control strategy with IVBC may be summarized as
follows:

When the duty cycle 1s less than 50%, the operation of the
IVBC strategy 1s same as the conventional control strategy.

When the duty cycle 1s larger than 350%, the IVBC
strategy may be used to achieve higher output voltage.

FIG. 26 1s a plot showing the duty cycle for commonly
used output voltages when the mput voltage 1s 12V. For
example, a duty cycle of 0.416 1s needed 11 the output
voltage 1s 2.5V. In this case, the series capacitor buck
converter (FIG. 19) operates according to the conventional
control mode. In other words, Vswl will have only two
voltage levels, OV and 0.5Vin. When the required output
voltage 1s 3.3V, the duty cycle should be about 52.4%, and
the circuit operates according to the IVBC operating mode.
Vswl will have three voltage levels, 0OV, 0.5Vin, and Vin. It
1s noted that the relationship given 1in FIG. 26 1s under 1deal
conditions. In practice, the required duty cycle will be a little
larger to compensate for losses 1n the circuit and the dead
times.
Inductor Current DC Value and Ripple

When the duty cycle 1s larger than 50%, IVBC operation
1s used and the inductor ripple current and DC current may
be calculated using the following equations. Under IVBC
operation, the current of L, will rise faster during boost
states since the input voltage to L, 1s V,, instead of V. The
inductor current ripple of L,,A1,, may be calculated using
Equation (14), where t,, 1s the charging time of inductor

current 1,, (1.e., t0 to t1, or 12 to t3). In the equation
D,=D-0.5.

V., —V

o 14
2Dy - T (14)

(1 -D)T, +
L ( ) L

Equation (14) may be simplified and Ai,, calculated as
follows:

Vo - (l — D)Ts
L

(15)

Similarly, the current ripple of L,,A1,, may be derived
using Equation (16), where t,, 1s the charging time of
inductor current 1,, (1.e., t1 to t2). The current of L, rises 1n
a constant slope during charging since the input voltage to
L, does not change during the boost state.
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The DC value of the inductor current L, and L, are given
in the following two equations:
Inductor L, DC current value:

lo (17)

Iy :{ 2
DI,

Inductor L, DC current value:

when 0 <D <0.5

when 0.5 <D =<1

(18)
when O < D < 0.5

l
ILZ — { 2
(1 =D),

For example, a duty cycle of 0.416 1s needed 11 the output
voltage 1s 2.5V and the output current 1s 10 A. In this case
I,, and I, , are approximately equal: I,, 1Is SAand I,, 1s 5 A.
When the output voltage 1s 3.3V, a duty cycle of 0.524 1s
needed. For this case, I,, 1s about 5.24 A and I,, 1s about
476 A. Similarly, D=0.645 1s needed for an output voltage
of 5V, where I,, 1s about 6.45 A and I, , 1s about 3.55 A.

Implementation of a IVBC Controller

An IVBC controller may be implemented by modifying a
conventional controller for a series capacitor buck converter.
For example, controller components such as the error ampli-
fier and most of the gate drive logic circuit may be employed
in IVBC embodiments, such as voltage-mode control, cur-
rent-mode control, hysteresis control, constant on time con-
trol, etc. FIG. 27 shows an embodiment of a voltage-mode
controller 210. In this embodiment, Vout (i.e., Vo) of a series
capacitor buck converter 200 1s sensed and fed into an error
amplifier 212 and over-voltage protection (OVP) circuit 214
of the voltage-mode controller 210. A PWM 216 receives an
error signal V___ from the error amplifier 212 and an output
from the OVP circuit 214, as well as clock 217 and soft-start
218 signals, and generates a duty cycle D. A gate logic
circuit 222 generates the required gate drive signals for the
gate drivers 225 based on the duty cycle D and dead time
220.

In one embodiment the gate logic circuit operates as
follows:

(1) The duty cycle D signal 1s used to control M1.

(2) A signal complementary to D (D_com) 1s generated

and used to control SR1.

(3) A dead time 1s added between the M1 gate signal and

the SR1 gate signal when both M1 and SR1 are off.

(4) The duty cycle D signal 1s delayed by halfl a switching

period Ts (1.e., delayed by 180° 1n phase). The signal 1s
referred to as D180 and 1s used to control M2.

(5) A signal complementary to D180 (D180_com) 1s

generated and used to control SR2.

(6) A dead time 1s added between the M2 gate signal and

the SR2 gate signal.

(7) No 350% duty cycle limitation 1s added, so that the duty

cycle can be higher than 50%.

FIG. 28 1s a diagram showing details of the gate logic
circuit 222 according to this embodiment. It 1s noted that the
conventional control strategy would include a 50% limat
circuit 1 the gate logic circuit to limit the maximum duty
cycle to 50%.

when 0.5 < D =<1
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The duty cycle D for M1 and M2 are substantially the
same. The duty cycle for SR1 and SR2 are substantially
same, and are 1-D. Also, there 1s no limitation on the
maximum value of the duty cycle of the PWM signals. One
group of PWM signals 1s used to drive M1 and its comple-
mentary pair SR1, and the delayed group of PWM signals 1s
used to drive M2 and 1ts complementary pair SR2. Since the
duty cycle for switch M1 can be higher than 50%, the switch
M2 can be turned on even 1f the switch M1 1s not turned off.
In this way, the PWM signals for M1 and M2 overlap as
shown 1n FI1G. 20. The 1mnput voltage to L1 will be V, during
the boost state of operation. It will be appreciated that this
control strategy may be implemented in any multi-phase
multi-level converter topology, such as, but not limited to,
single-phase three level converter (e.g., FIG. 1A), and
three-phase four level converter, to extend the conversion
ratio.

As described herein, the IVBC strategy increases the
output voltage by introducing different input voltages (V. ,
and V_ ) to two inductors (L1 and L.2). The input voltage
for L2 (V_ ,) 1s same as 1n the conventional control strategy
when the maximum duty cycle 1s limited to 50%, and still
has two voltage levels, OV and 0.5Vin. The IVBC strategy
introduces three voltage levels for the input voltage of L1
(Vswl), OV, 0.5Vin, and V,, . Therelore, the input voltages to
the two inductors, V_ , and V__,, are diflerent. This feature
of the IVBC strategy results 1n the higher output voltage for
the series capacitor buck converter.

As compared with the conventional control strategy for
the series capacitor buck converter, the proposed IVBC
strategy extends the duty cycle to be higher than 350%, to
introduce a third voltage level (V. ) at the mput of the
inductor L1 (V_, ,) so that the output voltage can be
increased. In order to achieve this, the duty cycles of M1 and
M2 (two control MOSFETs) are extended to above 50% so
that both M1 and M2 are conducting at same time, as shown
in FIG. 20. The gate drive for SR1 1s complementary to the
gate drive of M1 so that when M1 1s on, SR1 1s off, and when
and M1 1s off, SR1 1s on. Similarly, when M2 1s on, SR2 1s
ofl and M2 1s off, SR2 1s on. In a practical implementation,
there 1s a small dead time between M1 and SR1 when both
M1 and SR1 are ofl. There 1s also a small dead time between
M2 and SR2 when both are offl.

In another embodiment, operation mode of the gate logic
circuit 1s described as follows:

(1) At the start of the switching cycle Ts, M1 1s turned on.

Immcdlatcly before M1 i1s turned on, SRI 1s turned ofl.

(2) M1 1s on for a period Ton (Tcn—D*Ts) and 1s then
turned ofl. Immediately after M1 1s turned ofl, SR1 1s
turned on.

(3) At the middle of the switching cycle (0.5Ts), M2 1s
turned on. Immediately before M2 1s turned on, SR2 1s
turned off.

(4) M2 1s on for a period Ton (Tcn—D*Ts) and then 1s
turned off. Immediately after M2 1s turned ofl, SR2 is
turned on.

(5) If Ton 1s smaller than 0.5Ts (1.e., half of the switching
period) or D 1s less than 50%, M1 will be turned ofl
betore M2 will be turned on, therefore, the operation of
the converter will be same as the conventional opera-
tion. When Ton 1s larger than 0.5Ts (half of the switch-
ing period), or D 1s larger than 50%, M1 will still be on
when M2 1s turned on. During this time interval, both
M1 and M2 are on and voltage Vswl will be Vin.
Therefore, a higher voltage 1s applied to the mput of
Inductor L1 and an increased output voltage 1is

achieved.
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A circuit diagram of a controller to implement the above
embodiment 1s shown 1n FIG. 27. Referring to FI1G. 27, Ton
may be determined using the output feedback error amplifier
212 of the controller 210.

Of course, other controller configurations may also be
used. The controller may be implemented 1n any combina-
tion of discrete and integrated components, digitally or
analogue, or in a platform such as a field programmable gate
array (FPGA), as known in the art.

Equivalents

While the mvention has been described with respect to
illustrative embodiments thereof, it will be understood that
various changes may be made to the embodiments without
departing from the scope of the invention. Accordingly, the
described embodiments are to be considered merely exem-
plary and the invention 1s not to be limited thereby.

The mvention claimed 1s:

1. A two-phase asymmetrical three-level buck converter,
comprising;

a first input terminal connected to a first common terminal
of a first switch connected in parallel with a third
switch;

a first node connected to a second common terminal of the
first and third switches, and to a first common terminal
of a second switch connected 1n parallel with a fourth
switch;

a second common terminal of the second and fourth
switches connected to a second node and a first termai-
nal of a fifth switch;

a first capacitor having a first terminal connected to the
first node and a second terminal connected to a third
node and a first terminal of a sixth switch;

a first inductor having a first terminal connected to the
second node and a second terminal connected to a main
output terminal;

a second 1inductor having a first terminal connected to the
third node and a second terminal connected to the main
output terminal;

a common node connected to a second input terminal, a
second terminal of the sixth switch, a second terminal
of the fifth switch, and a second output terminal;

a second capacitor connected between the main output
terminal and the second output terminal; and

a controller that provides a driving signal for each of the
first to sixth switches so that the first, second, third, and
fourth switches are turned on and off once, sequentially,
during one switching cycle and the fifth switch and the
sixth switch are each turned on and ofl twice during one
switching cycle.

2. The two-phase asymmetrical three-level buck converter

of claim 1, comprising:

a DC power supply connected across the first input
terminal and the second input terminal.

3. The two-phase asymmetrical three-level buck converter
of claim 1, wherein the controller drives the first to sixth
switches so that:

the first, second, third, and fourth switches are driven with
90° phase difference from each other;

the fifth switch 1s dnven complementarily to the second
and fourth switches; and

the sixth switch 1s driven complementarily to the first and
third switches.

4. The two-phase asymmetrical three-level buck converter
of claim 1, wherein the controller drives the first to sixth
switches so that:

the first, second, third, and fourth switches are turned on
and ofl once, sequentially, during one switching cycle,
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wherein a duty cycle of each of the first to fourth
switches 1s prolonged such that successive on times of

the first, second, third, and fourth switches overlap by
a selected interval; and

the fifth switch and the sixth switch are each turned on and
ofl twice during a switching cycle;

wherein the fifth and sixth switches are off during the
overlaps of the on times of the first to fourth switches.

5. A controller for a two-phase asymmetrical three-level

buck converter, comprising:
an 1nput that receives a signal corresponding to the
converter output voltage or current;
a circuit that generates a duty cycle signal based on the
sensed output voltage or current;

a driving circuit that generates gate drive signals for

switches of the converter;

wherein the converter i1s the two-phase asymmetrical

three-level buck converter of claim 1;

wherein the controller drives the first to sixth switches so

that:

the first, second, third, and fourth switches are turned on

and off once, sequentially, during one switching cycle,
wherein a duty cycle of each of the first to fourth
switches 1s prolonged such that successive on times of
the first, second, third, and fourth switches overlap by
a selected interval; and

the fifth switch and the sixth switch are each turned on and

ofl twice during a switching cycle;

wherein the fifth and sixth switches are off during the

overlaps of the on times of the first to fourth switches.

6. The controller of claim 35, wherein increasing the
selected interval of the overlap of the successive on times of
the first to fourth switches increases the output voltage of the
two-phase asymmetrical three-level buck converter.

7. A controller for a series capacitor buck converter
comprising first and second control switches and first and
second synchronous rectifier (SR) switches, the controller
comprising:

an mput that receives a signal corresponding to the

converter output voltage or current;

a circuit that generates a duty cycle signal based on the

sensed output voltage or current;

a driving circuit that generates gate drive signals for

switches of the converter;

wherein the controller drives the switches so that:

the first and second control switches are turned on and off

once, sequentially, during one switching cycle, wherein
a duty cycle of each of the first and second control
switches 1s greater than 50% such that the on times of
the first and second control switches overlap by a
selected interval; and
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the first and second SR switches are each turned on and

.

off once, sequentially, during a switching cycle,
wherein each of the on times of the first and second SR
switches coincides with an off time of one of the first
and second control switches:
wherein the first and second SR switches are off during
the overlaps of the on times of the first and second
control switches.
8. The controller of claim 7, wherein increasing the duty
cycle above 50% increases the output voltage of the series

capacitor buck converter.
9. A method for controlling a series capacitor buck

converter comprising first and second control switches and
first and second synchronous rectifier (SR) switches, com-

prising controlling the switches so that:
the first and second control switches are turned on and off
once, sequentially, during one switching cycle, wherein
a duty cycle of each of the first and second control
switches 1s greater than 50% such that the on times of
the first and second control switches overlap by a
selected interval; and

the first and second SR switches are each turned on and

off once, sequentially, during a switching cycle,
wherein each of the on times of the first and second SR
switches coincides with an off time of one of the first
and second control switches:

wherein the first and second SR switches are off during

the overlaps of the on times of the first and second
control switches.

10. A series capacitor buck converter comprising the
controller of claim 7.

11. A method for controlling the two-phase asymmetrical
three-level buck converter of claim 1, comprising control-
ling the first to sixth switches so that:

the first, second, third, and fourth switches are turned on

and ofl once, sequentially, during one switching cycle,
wherein a duty cycle of each of the first to fourth
switches 1s prolonged such that successive on times of
the first, second, third, and fourth switches overlap by
a selected interval; and

the fifth switch and the sixth switch are each turned on and
off twice during a switching cycle;

wherein the fifth and sixth switches are off during the

overlaps of the on times of the first to fourth switches.

12. The method of claim 11, wherein increasing the
selected interval of the overlap of the successive on times of
the first to fourth switches increases an output voltage of the
two-phase asymmetrical three-level buck converter.

13. The method of claim 9, wherein increasing the duty
cycle above 50% increases an output voltage of the series
capacitor buck converter.
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